Soot particle size is investigated in laminar nitrogen-diluted ethylene coflow diffusion flames at 4, 8, 12 and 16 atm. Line of sight attenuation and scattering are used to measure two-dimensional soot volume fraction and particle size fields for the first time at elevated pressures. Soot volume fraction dependence on pressure is consistent with the observations of similar studies, scaling approximately with the square of pressure. Scattering intensity is analyzed through Rayleigh and Rayleigh-DebyeGans polydisperse fractal aggregate theories to provide two estimates of particle size. An increase in overall particle sizes with pressure is found, consistent with similar one-dimensional studies. Particle diameters in the annulus of the flame increase faster with pressure than those on centerline. Contrary to previous studies, the dependence of particle size on pressure was found to taper off between 8 and 12 atm, with little observed growth beyond 12 atm. The measurements provide additional data for one of the International Sooting Flame (ISF) workshop's target pressurized flames.
Introduction
One consequence of hydrocarbon based power production is the formation of soot. In addition to being detrimental to some combustion devices, soot is known to be harmful to the environment and to human health [1, 2] , and a better understanding of how it is formed and oxidized is key to reducing its net emission. Diesel and gas turbine engines are major contributors to global soot production, and while these devices operate at elevated pressures, soot studies are frequently carried out in atmospheric pressure conditions. However, pressure is an important parameter controlling soot formation and oxidation. There are a termining morphology at elevated pressures [3] [4] [5] . Light scattering is frequently used for particle size measurement in atmospheric conditions [6] [7] [8] [9] [10] , but optical access from several angles is usually necessary to determine aggregate properties. Time-resolved laser induced incandescence is able to resolve two-dimensional soot concentration and primary particle size, even in unsteady flows, but suffers from uncertainties in the effect of pressure on the rates of soot heating and cooling [5] .
There is limited experimental information on particle sizes in high pressure diffusion flames, with this information frequently coming from engine studies [11, 12] . However, Flower and Bowman [13] investigated soot size in a WolfhardParker burner, though only to 2.5 atm, finding that particle sizes increase with pressure. Thomson et al. [4] determined effective soot particle size in methane-air flames from 5-40 bar using laser induced incandescence, at one flame height, finding a significant increase in particle size with pressure. Kim et al. [14] investigated diluted ethylene-O 2 flames up to 8 atm, finding an increase in centerline primary particle size with pressure through extractive sampling and transmission electron microscopy (TEM). These studies show the effect of pressure on particle sizes to be a function of axial and radial position in the flame, but spatially resolved high pressure information is still lacking. There have been several studies on the effect of pressure on particle sizes in premixed flames or shock tubes [15] [16] [17] [18] [19] . These flat-flame studies show an increase in particle size with pressure up to 10 bar, but a plateau or decrease in size at even higher pressures, while number density increases.
The objective of this work is to measure the effect of pressure on the two-dimensional fields of soot particle sizes in laminar coflow flames. This will add particle size information to the existing dataset [20] [21] [22] of one of the target pressurized flames for the International Sooting Flame (ISF) Workshop [23] . Line of sight attenuation (LOSA) is used to determine soot volume fraction, and laser scattering is measured to determine average soot particle size.
Experimental Theory and Method

Theory
Numerous sources in the literature can be referenced on the techniques used [6] [7] [8] [9] [10] , but a brief description is given. Beer's law relates the transmissivity of light to the integral of the local extinction coefficient, κ e , over the path length of an absorbing medium. Assuming extinction occurs only within the axisymmetric flame, local κ e can be determined by tomographic inversion. The local extinction coefficient is related to soot volume fraction, f v , using Rayleigh-Debye-Gans (RDG) theory
where m is the soot refractive index, E(m) is the imaginary soot refractive index function, λ is the wavelength of light, and ρ sa is the ratio of scattering (κ s ) and absorption (κ a ) coefficients. The optical properties of soot (m, ρ sa ) are not well known. In general, they are functions of morphology, particle diameter, d, and λ, and will vary throughout a flame due to differences in residence time, temperature, and chemistry [24] . As there has been very little investigation on soot morphology and optical properties at elevated pressures, values typical of atmospheric in-flame soot were used. Soot optical properties are assumed to be ρ sa = 0.27 ± 0.05, E(m) = 0.37, and F (m) = 0.65 ± 0.17 based on dimensionless extinction coefficient measurements in ethylene coflow flames [24] , with the uncertainties estimated based on the ranges of values measured in [24] . By measuring the intensity of vertically polarized light scattered from a vertically polarized incident beam, Q vv , and assuming the particles are within the Rayleigh regime (d λ), an average weighted primary particle diameter can be found from the sixth to third moment ratio of particle probability functions [6, 7] and is given by
In addition to being biased to larger particles, a major limitation of this Rayleigh analysis is the neglecting of aggregation, thereby assuming that light is scattered by individual soot spherules. Research has shown that this limitation results in large overestimates of primary particle diameters [10] . For a more representative analysis, RDG polydisperse-fractal-aggregate (RDG-PFA) theory is used, assuming πd|m−1| λ. The modulus of the scattering wave vector, q, can be found from q = 2k sin θ/2, where k = 2π/λ. Its inverse, q −1 , represents a length scale of the scattering measurements [25] . For measurements at 632.8 nm and θ = 90
• , q −1 = 70 nm. The Guinier regime corresponds to instances where this resolution is larger than the radius of gyration of the aggregate, R g . In the power-law regime, qR g > 1, and an average primary particle diameter can be calculated from
While more representative of soot physics, RDG-PFA analysis requires additional knowledge of the aggregate; namely, fractal prefactor, k f , and fractal dimension, D f . Since scattering intensity scales with (qR g ) 2 in the Guinier regime and with q −D f in the power-law regime, D f , R g (and hence k f ) can be inferred through measurements over a range of q. In this work, optical access limitations of the pressure vessel restricted scattering measurements to only one angle, and large variation of q through wavelength is impractical, requiring values of k f and D f to be assumed. The values used here (D f = 1.7 ± 0.15, and k f = 2.4 ± 0.4) were determined in similar flames at atmospheric conditions [9] . While assuming fractal properties may limit the applicability of this analysis, as it may be the properties themselves are changing with pressure, it does allow some quantification of changes with pressure.
Method
Nitrogen-diluted ethylene-air flames were produced on a coflow burner. A diagram of the burner exit geometry is shown in Fig. 1 . The burner consists of a fuel nozzle with a 4 mm inside diameter which extends 5 mm beyond the exit plane of a 50 mm diameter coflow section. The knife-edged fuel nozzle tip tapers out to a 6.1 mm outside diameter where it meets the coflow exit plane. The coflow section contains 1.5 mm glass beads upstream of a ceramic honeycomb with 1 mm channels, and the fuel nozzle contains gauge-0000 steel wool 8 mm below the exit plane. These restrictions evenly distribute the flow across the outlet area and limit acoustic interactions between the flame and pressure vessel. Further details of the pressure vessel can be found in [26] .
A summary of mass flowrates (ṁ), bulk velocities (U ), and dimensionless quantities in the nozzle (noz) and coflow (cof) is given in table 1. Ethylene and nitrogen mass flow rates from the nozzle were fixed at all pressures, producing a fuel stream diluted 82.5% by volume. Air coflow rates were adjusted at each pressure to compensate for pressure-scaled buoyancy. While increasing coflow rate is expected to suppress soot formation [27] , it is necessary to maintain flame stability at elevated pressures. The Reynolds number (Re) of the nozzle flow is fixed at 153, and Re of the coflow was calculated using hydraulic diameter. The Froude number (Fr = U Nozzle temperature was measured on the outside surface of the nozzle, 2 mm below exit, with a 130 µm diameter K-type thermocouple. One measurement was made at operating conditions, and a second was made 10 s after reducing the coflow rate significantly. There was <1 C difference between these two values. Coflow temperature was measured on the honeycomb surface with a similar thermocouple 25 mm from centerline.
Mean velocity profiles for the atmospheric pressure cold flow, using Reynolds numbers for the 4 atm case, are shown in Fig. 2 . Velocities over the nozzle and coflow are normalized by the respective bulk velocities. Measurements were made 1 mm above nozzle exit with a TSI Constant Temperature Anemometer (TSI IFA-300) using a two-axis probe (TSI 1241-T1.5). The orientation and spacing of the two probe wires result in an enclosed probe volume of approximately 3.4 mm 3 . 1000 samples were taken at each point, in radial increments of 100 µm. Measurements at 6 azimuthal angles were averaged. RMS velocity profiles are almost identical, though a few percent higher outside of r = 22 mm. Integration of these velocities around the axis of symmetry results in calculated flow rates about 10% higher than actual. Based on this and probe calibration, the uncertainty in these velocities is estimated to be 10%. When examining these profiles, one should consider that measurements were made 1 mm downsteam of the nozzle and 6 mm downstream of the coflow, and that the probe volume is not small compared to the nozzle diameter. The nozzle flow is seen to be parabolic in shape, while the coflow profile can be approximated as top-hat. The coflow bulk velocity can be estimated using an effective coflow diameter of 47 mm.
Details of a typical LOSA/scattering layout can be found elsewhere [6] . The laser, optics, and detectors were mounted on motorized linear translation stages, which allowed the beam to be horizontally translated relative to the flame. A stepper motor inside the vessel supported the burner and translated it vertically. A 21 mW HeNe laser produced the vertically polarized beam at 632.8 nm. The 0.7 mm beam was expanded to 4 mm before focusing to reduce the beam focal waist to 100 µm and reduce the effect of variations in window transmissivity. A portion of the beam was sampled to provide continuous reference intensity, and a quartz diffuser plate mounted on the photodiode detector limited the effect of spatial variation in detection. After being focused through the pressure vessel, the transmitted beam passed through a 50 mm diameter lens into an integrating sphere, which were critical to reduce the effect of beam steering. A photodiode mounted to the integrating sphere measured the transmission intensity. In order to relate reference laser intensity to local intensity in the pressure vessel, a pointby-point transmission measurement was made at each horizontal position of each window. A 50 mm diameter lens collected light scattered 90
• relative to the beam, with a solid angle of collection of 85×10 −3 sr. Scattered light was focused through a polarizer onto a 150 µm pinhole and line filter (632.8±1.0 nm) mounted to a photomultiplier tube (PMT). Neutral density filters were used as needed, and linearity of the PMT was found to be within 10%. The PMT was mounted to a 3-axis manual translation stage 4 for precise positioning. The scattering signal was corrected for extinction and signal trapping, and then correlated to Q vv using the Rayleigh scattering of two gases with known scattering crosssections, propane and nitrogen [6] . Three lock-in amplifiers measured the signal from the two photodiodes and one PMT. Measurements were taken in radial increments of 50 µm and axial increments of 1 mm. A total of 150 measurements were done at each point during 3 sets of experiments. Tikhonov regularized onion peeling was used for tomographic inversion of integrated κ e , with the regularization parameter selected by the L-curve criterion with manual adjustment as needed [30] .
There are three types of systematic errors accounted for: beam steering, non-linearity of the PMT, and uncertainties of the assumed optical properties (F (m), ρ sa , D f , and k f ). Beam steering uncertainty in transmissivity was evaluated as a linear fit from measured extinction just outside the visible flame [31] to 0 at flame centerline. Non-linearity of the PMT was evaluated with neutral density filters. There are four random errors accounted for: precision of photodiode measurements, precision of PMT measurements, calibration of Q vv by Raleigh scattering, and averaging of extinction coefficients in each flame half. The propagation of transmissivity uncertainty through the tomographic inversion was evaluated as in [32] . Uncertainties of indirect measurements were calculated using the square-root sum formula [33] , and represent a 95% confidence interval. In addition to the quantified uncertainties, there are other uncertainties that deserve consideration. As previously mentioned, soot optical properties are unlikely to be constant throughout the flame. In fact, LOSA may not even detect nascent soot at all [34] , which may be concentrated in the lower portion of the flame. This would result in an under-prediction of f v and an over-prediction of particle size. Any effect of pressure on optical properties is also unknown. However, using eq. (1-
if deemed more appropriate. The applicability of Rayleigh and RDG-PFA theories to large particles should also be considered.
Results and Discussion
Soot Volume Fraction
The flames are measured to be approximately 27 mm tall at all pressures, with a flicker in the top 1 mm of the flame at 12 and 16 atm. Figure 3 shows a comparison of flame images and transmissivity contours. A comparison of the images and measurements reveals two things. First, in the lower region of the flame, where luminosity is indicative of soot, the measurements indicate no extinction. This suggests very fine or nascent soot particles, undetectable by the extinction technique. Second, the effect of beam steering is noticeable from the measurement of extinction outside the visibly sooting region, highlighted by the green iso-contour. This effect becomes apparent as pressure is increased, and is one of the major limitations of LOSA at elevated pressures [3] .
Radial profiles of measured f v are shown for several heights above burner (HAB) in Fig. 4 . Error bars are included for the measurements near centerline and peak values, where the errors are . It should be noted that necessary changes in coflow rate with pressure may affect this scaling, and could also be responsible for the shift in peak f v location. Peak path-averaged f v , with path lengths determined from the width of the luminous sooting region, are 1.1 and 5.6 ppm at 4 and 8 atm, respectively. In comparison, peak averaged f v of these flames measured by two-color pyrometry were 1.8 and 7 ppm at 4 and 8 atm respectively [22] . The discrepancy at 8 atm could be a result of the increased velocity ratio in this work. Narrowing of the flame, constant flame height, formation of soot lower in the flame, and increase in soot concentrations as pressure increases are consistent with previous studies of these types of flames [3, 4, 20-22, 31, 35, 36] .
The largest sources of error for f v are beam steering and the averaging of flame halves. Typical uncertainties are demonstrated in Fig. 5 , which shows a) f v at 17 mm HAB in the 12 atm flame, and b) the contribution from each parameter to this uncertainty. It should be noted that these individual uncertainties are combined by the square-root sum formula to obtain the total uncertainty [33] . Uncertainty due to precision of transmissivity measurements is propagated through the tomographic inversion, resulting in larger errors on centerline. The discrepancy in f v between flame halves could be due to slight asymmetries magnified by tomographic inversion. Beam steering uncertainty is assumed to be largest at the edge of the flames, where gradients perpendicular to the laser beam are largest. At locations of peak f v , the largest contributors to uncertainty are beam steering and measurement precision. Some locations have a local uncertainty of more than 100%, and a minimum of zero for the interval of uncertainty, particularly due to beam steering. Figure 6 shows the integrated carbon conversion, or soot yield, as a function of HAB [3, 29, 31, 36, 37] . Soot yield (η s ) represents the fraction of fuel carbon as soot, and is found from η s =ṁ s /ṁ c , whereṁ s andṁ c are the soot and total carbon mass flowrates, respectively.ṁ c is 1.17 mg/s, andṁ s is defined aṡ
where ρ s = 1.9 g/cm 3 is the density of soot and v z is the axial velocity. As no in-flame velocity information is available, axial velocities are estimated using the relation v z = √ 2az, where a = 32 m/s 2 [29] . Due to a reduction in flame volume with pressure, η s is a better indicator of sooting tendency than peak values of f v . Fitting to a power law, peak η s scales as P 1.8 , and this is demonstrated in the inset of Fig. 6 . The flames most similar to these in the literature are those of [36] . While the flowrates in this work are about 5 times those of [36] , the dilution ratio and velocity ratio at 16 atm are comparable. With these considerations, trends in soot concentrations and yield are consistent.
Particle Size
Assuming spherical soot particles, D 63 can be directly calculated from the ratio of measured Q vv and f v . As it is aggregates, and not individual spherules, that are responsible for the observed scattering, D 63 represents some intermediate average diameter between that of the primary particles and the aggregates. Radial profiles of D 63 are shown in Fig. 7 , with error bars. Errors are largest where f v has the largest uncertainty (centerline), or where f v is very small (edges of the annulus). Peak particle sizes, with respect to HAB, are nearly constant in areas of appreciable soot at 4 atm. Particle sizes increase with pressure, with the largest increase between 4 and 8 atm, and little increase in sizes between 12 and 16 atm. Like f v , D 63 is seen to increase faster with pressure in the annulus of the flame than near centerline, consistent with the observations of [4] . In general, D 63 peaks are at the location of peak f v at each flame height. However, at more elevated pressures, where gradients in f v and Q vv are higher, calculated D 63 are larger near the edge of the flame. A possible reason for this is demonstrated in Fig. 8 , which shows the radial profiles of normalized Q vv , κ a , and D 63 at 4 mm HAB for the 16 atm case. The circled regions show areas of large gradients but low relative val- ues. Due to the regularization of the tomographic inversion, the calculated edge of the sooting region may be shifted radially. As it is their ratio that is used to determine particle size, this shifting of κ a relative to Q vv in areas of large gradients, particularly where values are small, could result in large over-or under-estimation of D 63 . This demonstrates the difficulty in obtaining reliable LOSA/scattering measurements in flames with large gradients, such as elevated pressure diffusion flames. [4] did not observe a decrease in the growth with successive doublings of pressure. As the effective soot particle diameter of [4] is a function of d p and N , and the measurements of this work assume D f and k f (and hence N ), no conclusion can be drawn as to whether it is d p , N , or both that is changing with pressure. Kim et. al [14] did observe a general increase in d p with pressure, partially attributed to increased residence times, and partially due to increased reactant concentrations. However, the residence times in the fixed mass flowrate diffusion flames of this work are independent of pressure for a given HAB [3] . Figure 11 shows the peak values of f v , D 63 , and d p , on flame centerline and in the annulus, as a function of pressure. While f v and η s have often been found to relate to pressure with a power-law scaling [3, 4, 31, 35, 36] , here particle sizes can be seen to asymptote with pressure. Measured d p on centerline are within the range of primary particle sizes that have been previously measured at atmospheric pressure. Both D 63 and d p measurements indicate an increase in overall particle size with pressure, which is in agreement with previous high pressure studies [4, 13, 14] . Particle sizes increase more rapidly with pressure in the annulus of the flame. Growth with pressure was strongest at the lowest pressures (4-8 atm), and mostly ceases between 8 and 12 atm. This upper limit in particle size has not previously been observed in high pressure diffusion flames, though it has been observed in premixed flames. The differences in theses systems are too great to draw a comparative conclusion. Overall, the trends are similar to that of f v : increasing pressure results in soot formation earlier in the flame, allowing more time for growth in size and concentration.
Conclusions
This paper presents the first measurements of two-dimensional soot volume fraction and particle size fields in nitrogen-diluted ethylene diffusion flames from 4-16 atm. This work, combined with previous studies in the same ISF target flame, provide further data for validation of numerical models. Major conclusions of the study are as follows:
In these flames, local peak f v was found to scale with pressure as P n with n = 2.0, 2.3, and 2.2 on the centerline, in the annulus, and globally, respectively, and peak soot yield was found to scale as P 1.8 over the pressure range of 4-16 atm. This scaling may differ from those in the literature, as the coflow velocity ratio was altered with pressure.
Aggregate sizes were found to increase with pressure, consistent with previous studies [4, 13, 14] . Particle sizes increased more rapidly with pressure in the flame annulus. Large increases in particle sizes were observed between 4 and 8 atm, and little increase was observed between 12 and 16 atm. The observations combined with large uncertainties suggest the need for further experimental measurement.
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